Cells in culture with a high cell density can proliferate in medium that contains phytohormones,
Introduction the proteinase inhibitor (Pearce et al., 1991) and it appears that peptide factors are active in higher plants as The proliferation of dispersed plant cells in culture is strictly dependent on the density of cells in suspension.
well as in mammals. However, no information is available ization by passage though a filter with 0.45 mm pores as yet about the effects of PSK-a and systemin on plant Advantec, Tokyo) .
morphogenesis and cell differentiation. Analysis of the physiological functions of PSK-a should help us to charEffects of PSK-a on formation of somatic embryos and cell acterize in further detail the mechanisms that control the proliferation growth and development of higher plants.
PSK-a and inactive control sulphated peptides were added at
The process of carrot somatic embryogenesis has been various concentrations to phytohormone-free MS medium and the medium was sterilized by filtration through a cellulose investigated in considerable detail in terms of the histoacetate membrane (DISMIC-25cs (0.45 mm); Advantec, Tokyo).
logy, physiology, biochemistry, and molecular biology Small clusters of embryogenic cells (37-63 mm in diameter) (Reinert, 1958; Steward et al., 1958; Ammirato and were cultured at 0.2 ml PCV l−1. The numbers of somatic Steward, 1971; Kamada and Harada, 1979, 1984;  embryos at each stage of development were determined on the Bellincampi and Morpurgo, 1987) . Furthermore, as noted 14th day of culture in 500 ml of culture in a counting chamber. Numbers of cells were determined on the 5th, 10th and 14th
above, PSK-a has been found in the conditioned medium days of culture. To count the number of cells in various from cell cultures of various plant species. Therefore, the cultures, cells were collected by centrifugation of cultures at effects of PSK-a on carrot somatic embryogenesis were 100 g and pelleted cells treated with an excess of a maceration examined.
solution that consisted of 10% HNO 3 and 10% CrO 3 for 1 d. Then mixtures were centrifuged at 100 g and pellets were washed once with DW. After centrifugation at 100 g, each final pellet of cells was suspended in and diluted to an appropriate
Materials and methods
cell density with DW. Then cells were counted in a hemocytoPlant materials and cell culture meter ( Thoma; Erma, Tokyo). Details of methods for the induction and cell culture of
Effects of PSK-a on the proliferation of embryogenic and nonembryogenic cells and non-embryogenic cells of Daucus carota embryogenic cells in medium with and without 2,4-D L. cv. US-Harumakigosun have been described previously ( Kamada and Harada, 1979; Satoh et al., 1986) . Embryogenic
Embryogenic cells (37-63 mm in diameter) and non-embryogenic cells, obtained from hypocotyls, were subcultured at 2-week cells were cultured at 0.2 ml PCV l−1 in MS medium that intervals in liquid Murashige and Skoog's (MS ) medium contained PSK-a or a negative control chemical with and (Murashige and Skoog, 1962) that contained 2,4-D (1 mg l−1). without 2,4-D (1 mg l−1). After 14 d, cells were counted as For induction of somatic embryogenesis, small clusters of cells described above. (37-63 mm in diameter) were collected by passing cells in
In all experiments, cells were cultured in 50 ml flasks that 2-week-old suspension cultures through stainless-steel sieves contained 15 ml of test medium. All experiments were repeated (pore diameter, 37 and 63 mm). The cells collected were washed at least twice and the averages of results are shown with with an excess of phytohormone-free MS medium and suspended SD. The overall effect of treatment was assessed by means in phytohormone-free liquid MS medium at 0.2 ml PCV l−1.
of Student's t-test and significant differences expressed with Cell density (ml PCV l−1) is defined as the packed cell volume P value <0.05. (in ml ) after centrifugation at 100 g of 1.0 l of culture.
In this study, old lines of embryogenic cells that had been subcultured at 2-week intervals for more than 4 months were Results used. The use of such cells reduces the frequency of development of somatic embryos to below one-tenth as compared to the Effects of PSK-a on somatic embryogenesis newly established cell line. When freshly established embryogenic Somatic embryogenesis is strongly inhibited when the cells were used, almost all of the cells developed into somatic embryos, and it was not possible to detect any stimulatory density of carrot embryogenic cells in culture is high effect of PSK-a. Non-embryogenic cells were obtained by ( Fridborg et al., 1978; Sung and Okimoto, 1981, 1983;  successive subculturing, at 2-week intervals, of small clusters of Osuga et al., 1993; Higashi et al., 1998) . Therefore, the cells less than 1 mm in diameter. These cells had been isolated effects of PSK-a at a low cell density (0.2 ml PCV l−1) from 2-week-old cultures of embryogenic suspension cells that were examined. When PSK-a was added to the induction had been cultured for 6 months to 1 year in liquid MS medium plus 2,4-D (1 mg l−1). The non-embryogenic cells were mainmedium for somatic embryogenesis (phytohormone-free tained by subculture in liquid MS medium that contained 2,4-D MS medium), the total number of somatic embryos in developmental stage (globular, heart-shaped and torpedo-PSK-a and the controls were synthesized chemically as described shaped embryos) was not stimulated. The size of somatic previously (Matsubayashi and Sakagami, 1996) . They were dissolved in distilled water (DW ) and used after filter sterilembryos was not increased by PSK-a ( Fig. 2B , C, cf. embryogenic cells presented in A). The two negative control chemicals, namely [2-5]PSK-a and Tyr-SO 3 H, did not have strong stimulatory effects on somatic embryogenesis as compared to PSK-a (Fig. 1B, C ) .
The number of cells increased during somatic embryogenesis in the presence of PSK-a and the increase again depended on the concentration of PSK-a ( Fig. 3) . As compared to cells in cultures without PSK-a, the numbers of cells in cultures with PSK-a were slightly higher on the 5th day of culture and considerably higher on the 
non-embryogenic cells
The effects of PSK-a on the proliferation of embryogenic cells in medium with 2,4-D were examined and also those 10−10 M ). [2-5]PSK-a and Tyr-SO 3 H had no effects on the proliferation of embryogenic cells (Fig. 4) . The prolifof non-embryogenic cells in medium with and without 2,4-D. When embryogenic cells were cultured in medium eration of non-embryogenic cells was stimulated by PSK-a in 2,4-D-free medium. The stimulation was apparently that contained PSK-a and 2,4-D, the number of cells increased depending on the concentration of PSK-a observed at 10−10 M (P<0.05 between at 0 M and each treatment) and the extent of stimulation depended on the (Fig. 4) . The stimulation was significant at 10−9 M (P<0.05 between at 0 M and each treatment except at concentration of PSK-a (Fig. 5B ). PSK-a had no effect immunologically using specific antibody against PSK-a Okimoto, 1981 Okimoto, , 1983 Osuga et al., 1993; Higashi et al., 1998) . Moreover, it was not possible to detect the effects of PSK-a when a newly established cell line was used, in 2,4-D-containing medium ( Fig. 5A) . [2-5]PSK-a and Tyr-SO 3 H had no effects on the proliferation of nonbecause almost all cells developed into somatic embryos even in the absence of PSK-a (data not shown). Therefore, embryogenic cells in medium with or without 2,4-D (Fig. 5A, B) . the effects of PSK-a in an old line of cells at low cell density were examined. PSK-a increased the number of somatic embryos. [2-5]PSK-a were used as controls since
Discussion
[2-5]PSK-a lacks amino-terminal tyrosine of PSK-a, which is essential for activity. Tyrosine sulphate ester Phytosulphokine-a is the first chemically characterized peptidyl plant growth factor that stimulates cell division ( Tyr-SO 3 H ) was also used as a control since the Tyr-SO 3 H residue has no activity. Neither compound stimuin single-cell cultures of some plants (Matsubayashi and Sakagami, 1996; Matsubayashi et al., 1996 Matsubayashi et al., , 1997 .
lates the proliferation of mesophyll cells of Asparagus in culture, and neither compound had any effect on carrot Moreover, the presence of PSK in conditioned medium of various plant species, including carrot, was detected somatic embryogenesis. These results clearly demon-strated the specific effect of PSK-a in stimulating carrot of PSK-a, namely, that PSK-a stimulates cell proliferation in low-cell-density cultures, but not in high-cell-density somatic embryogenesis.
PSK-a stimulates the proliferation of asparagus and cultures (Matsubayashi and Sakagami, 1996) . Thus, it seemed likely that PSK-a does not act in the same way rice cells in culture and the stimulation is independent of somatic embryogenesis. When the effects of PSK-a on as known phytohormones (in other words, it does not trigger cell division), but it enhances the rate of cell cell proliferation during somatic embryogenesis were examined, it was found that the number of cells during division once division has been triggered. To clarify the true physiological function of PSK-a, the authors are somatic embryogenesis was increased by PSK-a, but not by [2-5]PSK-a and Tyr-SO 3 H. Thus, PSK-a enhanced now trying to examine the effects of PSK-a on the cell cycle during cell division. cell proliferation and as a consequence, stimulated somatic embryogenesis.
Extremely rapid cell division occurs during the early rapid division of cells plays an important role in the initiation of somatic embryogenesis. In this respect, the rapid division might be different from the normal division data in Figs 1A and 4) PSK-a has a general stimulatory effect on cell division. The effects of PSK-a were observed only in cultures in fragments and analogues of the plant growth factor, phytosulwhich cells were not proliferating at a maximum rate. 
